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Direct imaging of the electron liquid at oxide
interfaces
Kyung Song1,2, Sangwoo Ryu3, Hyungwoo Lee3, Tula R. Paudel 4, Christoph T. Koch5, Bumsu Park
Ja Kyung Lee1,7, Si-Young Choi1,2, Young-Min Kim6,7, Jong Chan Kim8, Hu Young Jeong 8,9,
Mark S. Rzchowski10, Evgeny Y. Tsymbal4, Chang-Beom Eom3 and Sang Ho Oh1,6*
The breaking of symmetry across an oxide heterostructure
causes the electronic orbitals to be reconstructed at the
interface into energy states that are different from their bulk
counterparts1. The detailed nature of the orbital reconstruction critically affects the spatial confinement and the physical
properties of the electrons occupying the interfacial orbitals2–4. Using an example of two-dimensional electron liquids
forming at LaAlO3/SrTiO3 interfaces5,6 with different crystal
symmetry, we show that the selective orbital occupation and
spatial quantum confinement of electrons can be resolved
with subnanometre resolution using inline electron holography. For the standard (001) interface, the charge density map
obtained by inline electron holography shows that the twodimensional electron liquid is confined to the interface with
narrow spatial extension (~1.0 ±0.3 nm in the half width). On
the other hand, the two-dimensional electron liquid formed
at the (111) interface shows a much broader spatial extension
(~3.3 ±0.3 nm) with the maximum density located ~2.4 nm
away from the interface, in excellent agreement with density
functional theory calculations.
Atomically controlled interfaces of complex oxides provide new
opportunities for material design and synthesis. They have been the
origin of a wide variety of new physical properties and phenomena, arising primarily from the natural quantum confinement of
electrons at these interfaces, involving a strong correlation between
the electronic and atomic structure2–4,7. One notable example is the
interface between insulating perovskite oxides where the electronic
reconstruction leads to the formation of an interfacial two-dimensional electron liquid (2DEL) within a few nanometres of the interface8. The interfacial 2DEL is known to selectively occupy the 3d
orbitals of cations with distinct orbital character and symmetry and
often involves an interplay between the electronic states9,10. Given
that the interface reconstruction of 3d orbitals is strongly correlated
with interface orientation, different orbital-selective occupation and
therefore quantum confinement of the 2DEL are expected for different interface orientations11. It has been shown that the selective
orbital occupation of 2DELs controls various physical properties
such as electronic mobility5, superconductivity12, Rashba spin-orbit
coupling13 and magnetism14.

,

1,6

Figure 1a schematically illustrates how the energy subbands of
Ti 3d orbitals are modified at LaAlO3 (LAO)/SrTiO3 (STO) interfaces with crystal symmetry. In bulk STO, the five Ti 3d orbitals are
split into sets of lower energy t2g (dxy , dxz , d yz ) and higher energy
eg (d x 2−y 2, d 3r 2−z 2) symmetry states due to the crystal field potential
induced by the surrounding oxygen ions in an octahedral configuration7. Symmetry breaking across an LAO/STO interface due to
lack of inversion symmetry further breaks this orbital symmetry in
a manner dependent on the interface orientation. At the (001) interface, dxz , d yz and d 3r 2−z 2 orbitals, with lobes that extend across the
interface plane, are pushed into higher energy states, while dxy and
d x 2−y 2 orbitals that have little extension of the wave function across
the interface plane are perturbed to lower energy states9. At the (111)
interface, the trigonal distortion splits the t2g triplet into the a 1g singlet and the eg′ doublet, both representing a linear combination of the
dxy , dxz and d yz orbitals11. In this case, the energy difference between
the a 1g and eg′ states is small compared with the (001) interface,
resulting in subbands with similar energies. This different way of
reconstructing orbitals can give rise to different quantum confinement of 2DELs by selective occupancy in the restructured orbitals.
Our density functional theory (DFT) results presented in
Fig. 1b,c predict that the orbital-resolved electron density distributions are more confined at the (001) interface compared with the (111)
interface. More explicitly, the electron density profile for the (001)
interface shows that the 2DEL has a maximum density at the interface with preferential occupation of the dxy orbitals and is localized
within a spatial depth (s) of about three unit cells (u.c.), that is,
s ≈1.2 nm. Here, we define s as the width at which the electron density has dropped to 50% of its maximum. At the (111) interface,
however, the electron density is spread over approximately eight
bilayers (b.l.), that is, s ≈1.8 nm, with a maximum at the distance of
about three bilayers (δ ≈0.7 nm) from the interface and the orbitals
forming the a 1g and eg′ states are equally likely to be populated. These
differences indicate that the interface crystal symmetry imposes
distinctive orbital hierarchies on (001) and (111) interfaces, allowing the selective occupancy of the orbital states of different symmetry by 2DELs. Recently, comparisons of the unique 2DEL properties
that originate from selective occupancy of different orbital symmetries have been experimentally demonstrated15–17.
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Fig. 1 | Orientation-dependent energy subbands of Ti 3d orbitals and orbital-selective quantum confinement of 2DELs at LAO/STO interfaces. a, In bulk
STO, Ti 3d orbitals in the TiO6 octahedron are crystal field-split into lower energy t2g (dxy ,dxz,dyz) and higher energy eg (d x 2− y 2,d3r 2− z 2) levels. For a (001)
interface, the dxy and d x 2− y 2 states are pushed to lower energies. For a (111) interface, the trigonal distortion splits the t2g triplet into the a1g singlet and the
eg′ doublet, both representing a linear combination of the dxy , dxz and dyz orbitals and having small energy separation. b,c, Calculated charge distribution at
the LAO/STO (001) and the (111) interface, respectively. b, Cross-sectional view of the (001) interface showing that the electrons mostly occupy the dxy
rather than dxz and dyz orbitals (see also the top view and the charge profile), as predicted by the orbital subband structure at the (001) interface in a, and
therefore the charge density is dominant within three unit cells (~1.2 nm) and decreases quickly with distance from the interface. The red filled circles in the
charge density profile represent total charge density, and colour shading of the area under the curve is a guide to the position of maximum density. c, Crosssectional view of the (111) interface showing a much broader distribution of the electron density, extending further into the STO substrate (~1.8 nm) with
a maximum at about three bilayers (~0.7 nm) away from the interface. Owing to the similar energy levels of the a1g and the eg′ states at the (111) interface
shown in a, electrons occupy the orbitals forming these states with equal likelihood (see the charge profile) and therefore the orbitals hybridize and mix (see
the top view). In the charge density profile, the red filled circles represent total charge density, and colour shading of the area under the curve is a guide to
the position of maximum density. The charge density is designated by symmetry at the centre of the Brillouin zone. d,e, Confining potential at the LAO/STO
(001) and the (111) interface, respectively, showing the energy position of the Ti 3d orbitals (black filled circles) with respect to the Fermi level (dashed line)
as obtained from the DFT calculations. d, For the (001) interface, the dxy orbitals lie at much lower energies than the dxz and dyz orbitals, which confines the
2DEL more strongly to the interface. e, For the (111) interface, the a1g and the eg′ states lie at similar higher energies, resulting in a wider spread of the 2DELs.
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Quantitative assessment of the intrinsic quantum confinement
of 2DEL at a buried interface, however, has remained challenging
as the interface should be investigated by a highly charge-sensitive
probe with a high spatial resolution. Angle-resolved photoemission
spectroscopy (ARPES) is a powerful tool, capable of mapping the
electronic structure in reciprocal space. However, ARPES is primarily sensitive to surfaces and less sensitive for buried interfaces due
to the short inelastic mean free path18. Scanning probe microscopy
(SPM) allows mapping of local interface conductivity19 by making
point contacts or mapping of the density of states20 by means of vacuum tunnelling on cross-sectional samples. The spatial resolution
of such SPM techniques, however, is limited, and vacuum tunnelling, which has been very successful in mapping band alignments
and band bending, is also primarily sensitive to surfaces.
To visualize the 2DELs at buried interfaces in oxide heterostructures, we employ inline electron holography21, a technique
that is sensitive to variations in electrostatic potential and charge
distributions (Fig. 2). Distortions in the wave front of the electron
wave that has passed through the specimen, that is, the phase of the
complex-valued scalar wave function that describes it, are proportional to the projected electrostatic potential of the sample within
the phase object approximation for a non-magnetic specimen22.
Figure 2 shows a schematic illustration of the inline electron holography setup; the phase of the exit wave function of the transmitted
electron beam can be retrieved from a focal series of TEM brightfield (BF) images (Supplementary Text 1). The reconstructed phase,
after the thickness calibration (Supplementary Text 2), can be converted to the relative projected electrostatic potential according to
the linear expression provided in Fig. 2 (Supplementary Text 3–5).
Applying Poisson’s equation to the potential yields the projected
charge density (Supplementary Text 7). In this process, we account
for the field-dependent permittivity (ε) of STO as the electric fields
at both LAO/STO (001) and (111) interfaces are extremely large, of
the order of 1 V nm−1, as shown in Fig. 3 (Supplementary Text 6).
To explore the different interface confinement of 2DELs, we
prepared three model LAO/STO heterostructures by varying the
thickness of the LAO film and changing the orientation of the STO
substrate. The LAO films were grown by atomic layer-controlled
pulsed laser deposition (PLD) with thicknesses of 3 and 10 u.c.
on an STO (001) substrate and 20 b.l. on an STO (111) substrate,
respectively (Supplementary Fig. 1). The structural perfection and
chemical abruptness of the LAO/STO interfaces were investigated
by atomic-resolution scanning transmission electron microscopy
(STEM) (Supplementary Figs. 2,3).
We find no detectable charge at the interface of the 3 u.c. LAO/
STO (001) heterostructure (Supplementary Fig. 4), which is consistent with the known critical thickness effect for the metal–insulator
transition6. The atomic displacements measured from STEM annular bright-field (ABF) images, however, are significantly large in the
3 u.c. LAO film (Supplementary Fig. 5). The results demonstrate
that at subcritical thicknesses the built-in electric field induced in
the LAO film due to the charged atomic layers is compensated predominantly by polar distortion23,24, which generates a depolarization
field. In this Letter, we focus on the 10 u.c. LAO/STO (001) and the
20 b.l. LAO/STO (111) systems, which contain interface 2DELs.
First of all, for both 10 u.c. LAO (001) and 20 b.l. LAO (111)
films the atomic displacements measured from STEM ABF images
(Supplementary Fig. 5) and the coherent X-ray Bragg rod analysis
(COBRA) of surface X-ray diffraction data (Ryu, S. et al., manuscript
in preparation) were negligibly small, excluding compensation of
the built-in field by ionic displacement. However, the electric field
component along the interface normal, which was extracted from
the thickness-calibrated 2D potential maps obtained by inline electron holography, is negligibly small within the LAO film interior,
implying almost complete screening of the built-in field (Fig. 3b,e).
The local fields exist only outside the LAO films, that is, the STO

Fig. 2 | Conceptual representation of the electrostatic potential mapping
by inline electron holography for 2DEL imaging. Left, The phase of the
fast incident electron wave (black dotted line representing the plane wave
function, Ψ0) is shifted by the atomic potential while passing through the
sample. The shifted phase of the resulting wave (exit wave function, Ψ’)
is denoted by the blue dotted line. In the exit wave function, Ψ’, A is the
amplitude and Δɸ is the phase shift. Phase shifts corresponding to the
bulk material are indicated by yellow shading, and phase shifts deviating
from that at the oxide interface are coloured green. The shifted phase is
further distorted by the objective lens. A series of images is then recorded
at different planes of focus (Δf1 ≈ Δfn). The wave functions that correspond
to each of these defocused images, of which only the probability amplitude
can be measured, are named ΨΔf. Right, Ψ’ can be reconstructed by
applying an iterative reconstruction algorithm to the focal series data.
Within the validity of the phase object approximation, the reconstructed
phase (Δɸ) of the exit wave is directly proportional to the projected
electrostatic potential distribution (Vproj), which is induced by the charge
density profile across the oxide interface. Therefore, the reconstructed
phase (Δɸ), after the calibration of local thickness (t) and the interaction
constant (σ), which is 0.00728 rad V-1 nm-1 for 200 kV electrons, can be
converted to the relative projected electrostatic potential (Vproj) according
tothe linear expression given in the figure. Applying Poisson’s equation
to the measured potential with properly calibrated field-dependent
permittivity of SrTiO3 yields the projected charge density; in this way
2DEL can be imaged. Detailed procedures are described in
Supplementary Text 2–7.

side of the LAO/STO interface and the LAO surface (more exactly,
at the interface with the TEM glue), with opposite signs, suggesting
the presence of extra charges therein. The electric field in the STO is
thus clearly due to the presence of 2DELs that are confined to a few
u.c. from the interface and can compensate the built-in field. The
2DEL densities required for full electronic reconstruction are presented conceptually in Fig. 3c,f, which corresponds to σs = −e ∕2a 2
and σs = −e ∕2 3 a 2 for the (001) and (111) interfaces, respectively.
Our electron energy loss spectroscopy (EELS) Ti-L2,3 and O-K edges
clearly showed that the valence state of Ti in this region is reduced
from the ideal 4+state owing to the occupation of extra electrons25
(Supplementary Fig. 6). The out-of-plane lattice parameter of
STO in this region is greatly expanded due to the electrostrictive
effects associated with the Ti3+ accommodating the extra electrons26
(Supplementary Fig. 7). On the other hand, the electric field of
opposite sign at the LAO film surface indicates the presence of positive charges. Our STEM data indicate that these positive charges are
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Fig. 3 | Internal electric fields measured by inline electron holography and models for electronic reconstruction of LAO/STO (001) and (111)
heterostructures. a, STEM HAADF image of the 10 u.c. LAO/STO (001) heterostructure. b, Out-of-plane component (Ey) of the electric field vector,
E = (Ex, Ey), extracted from the 2D thickness-calibrated potential maps obtained by inline electron holography. c, Polar discontinuity and electronic
reconstruction model for the LAO/STO (001) heterostructure by the formation of extra charges at the boundaries of LAO film; half an electron per 2D u.c.
0
(σs = −e ∕2a2, shaded red) transferred across the interface compensates the built-in polarization in the LAO film (P LAO
= −e ∕2a2), resulting in zero internal
electric field (E) and leaving positive charges (−σs = e ∕2a2, shaded blue) at the LAO surface. The negative sign of the polarization is defined to point the
STO substrate in our frame of reference. a is the u.c. lattice parameter. The spatial confinement of extra charges in the model is relaxed arbitarily to
account for the measured electric fields. The dotted line added to the positive charge indicates the possible accumulation of extra charges from TEM glue.
d, STEM HAADF image of the 20 b.l. LAO/STO (111) heterostructure. e, Out-of-plane component (Ey) of the electric field vector obtained by inline electron
holography. f, Polar discontinuity and electronic reconstruction model for the LAO/STO (111) heterostructure due to the charged layers in STO ((SrO3)4−
0
0
and Ti4+) and the LAO ((LaO3)3− and Al3+), resulting in the built-in polarization of P STO
= + 4e ∕2 3 a2 and P LAO
= + 3e ∕2 3 a2. The transfer of the electron
2
2
density of σs = −e ∕2 3 a to the interface leaves a positive charge density of −σs = e ∕2 3 a at the LAO surface, which compensates the polarization
discontinuity ΔP = −e ∕2 3 a2 at the interface.

associated with oxygen vacancies at the LAO surface that donate
electrons to the LAO/STO interface27 (Supplementary Fig. 7). By
simply drawing an analogy to a parallel capacitor, we assign the
same densities as the 2DELs to these positive charges (Fig. 3c,f).
The total charge density maps shown in Fig. 4a,b reveal distinctly different 2DEL confinements in the two systems. For the
(001) interface, the 2DEL is confined at the interface with a sharper
and higher peak in the 2D electron density map (Fig. 4a). In contrast, the 2DEL at the (111) interface exhibits a broader and lower
density (Fig. 4b). Figure 4c,d provides the 1D electron density
profiles extracted from the 2D maps. For the (001) interface (Fig. 4c),
the planar electron density averaged over three data sets is
~(2.88 ±  0.39) ×  1014 cm−2, which is comparable to the theoretical
value (e/2a2) of ~3.3 ×  1014 cm−2. The spatial depth (s) is 1.0 ± 0.3 nm
and the maximum density appears at some distance away from the
interface. We note here that the measured δ of maximum density
from the interface is below the spatial resolution of the technique
(~0.8 nm). For the (111) interface, the electron density is measured

to be (1.02 ±  0.01) ×  1014 cm−2, which is lower than that at the (001)
interface. Its spatial depth is 3.3 ± 0.3 nm with the maximum density
located ~2.4 nm away from the interface. This direct observation of
the dependence of orbital engineered 2DELs with interface orientation—the narrow and the wide electron distribution beneath the
(001) and (111) interfaces, respectively—is in very good agreement
with DFT calculations.
The extended distribution of the 2DELs that we observed can be
considered intrinsic to the ideal structure, not limited by interface
roughness or disorder. This dependence of the density profile of
2DELs on the interface orientation arises from the different energy
states of the Ti 3d orbitals with different symmetry (Fig. 1a) and thus
different quantum confinement effects. At the (001) interface, the
attractive potential due to the positive ionic charge on the LaO+ sublayer populates the Ti 3d orbitals beneath. The electron density accumulated at the interface screens the electric field produced by the
ionic charge, which causes band bending in STO, forming the confining electrostatic potential (Fig. 1d). The dxy orbital occupies the
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we used several TEM samples prepared by different methods and also sets of different data from the same sample. Supplementary Table 2 lists all TEM
samples and data used in this study. The charge density profiles obtained from other samples are shown in Supplementary Fig. 18.

lowest energy state in this confining potential because its lobes lie in
the (001) plane whereas the dxz and d yz orbitals are extended across
the interface plane and thus are pushed to higher energies. In consequence, the dxy orbitals are strongly bonded only within the (001)
plane and confined to the interface, opposite to the dxz and d yz orbitals, which are bonded normally to the (001) interface and are hence
further extended along the [001] direction. The preferential population of the dxy orbital at the (001) interface confines the 2DEL to the
interface and accounts for most of the charge in the system (see Fig.
1b,c). This behaviour is different for the (111) interface, where all of
the Ti 3d orbitals have lobes lying above or below the interface plane,
pushing these states higher in energy (Fig. 1e). This makes all Ti 3d
orbitals less localized in the (111) plane and allows them to more
efficiently participate in the bonding in out-of-plane directions. This
in turn extends the 2DEL further from the interface (Fig. 4d), to a
region where the orbital-projected charge densities corresponding
to the a 1g and eg′ states have a similar spatial dependence (Fig. 1c).
202

We note that the interface carrier density of the 10 u.c. LAO/
STO (001) sample obtained by measurements of the Hall effect is
~6.2 ×  1013 cm−2 28, which is smaller than that measured by the inline
electron holography. This discrepancy may come from counting
different kinds of carriers in different measurements: the Hall effect
measurement is sensitive to mobile electrons that contribute to the
transport, whereas electron holography measures the total charge
density, including mobile as well as localized electrons. The coexistence of mobile and localized carriers has also been suggested
by theoretical studies based on DFT29. According to these studies,
while the dxy electrons can move freely along the interface, the dxz
and dyz electrons are characterized by a much larger effective band
mass, making them strongly susceptible to localization. It should be
noted that charge fluctuations are observed along the plane of the
interface. The origin of these charge fluctuations is not clear but one
possibility is that additional charges exist at the interfaces, which
induce local rearrangement of the 2DEL.
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We have shown the unprecedented capability of inline electron holography to probe interface-confined electronic systems
and reveal direct evidence that their properties can be controlled
through the interface orbital configuration. Our results demonstrate crystal symmetry as an extra degree of freedom to realize different 2DEL band reconstructions at LAO/STO interfaces, opening
up new opportunities to link orbital symmetry and correlated properties such as magnetism or superconductivity.

Methods

Methods, including statements of data availability and any associated accession codes and references, are available at https://doi.
org/10.1038/s41565-017-0040-8.
Received: 22 December 2016; Accepted: 4 December 2017;
Published online: 5 February 2018
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remove inelastically scattered electrons outside an energy window of 0 ± 7.5 eV. To
minimize the effects of dynamical diffraction, all images were taken at a diffraction
conditions off the zone axis where the interface was aligned parallel to the e-beam
direction (Supplementary Text 3). To minimize electron beam damage and secure
a large field-of-view, the BF TEM images were obtained at a low magnification
(×31,500) under the electron dose rate of 9.5 ×  103 electrons nm−2 s−1. The full
resolution wave reconstruction (FRWR) algorithm, which was developed by one of
our co-authors, was used to reconstruct the phase shift of the transmitted beam21.
During the initial stage of phase reconstruction we used the phase prediction
function provided in the FRWR algorithm, which uses a transport of intensity
equation (TIE)-like approach for the efficient reconstruction of the high frequency
phase information.
For the data presented in Supplementary Information, cross-sectional TEM
samples were prepared by FIB milling (Helios Nano Lab 450, FEI) and subsequent
low-energy Ar+ ion milling of 500 eV–900 eV (NanoMill Model1040, Fischione
Instruments). Inline electron holography was carried out at a spherical aberrationcorrected TEM (JEM-ARM 200 F, JEOL) operated at 200 kV. BF TEM images
were acquired at defocus values ranging from −4 μm to +  4 μm in 1 μm steps using
an objective aperture of 20 μm and 2 k × 2k CCD camera (UltraScan1000XP,
Gatan). The Gatan Quantum image filter (GIF Quantum ER, Gatan) was used for
removing inelastically scattered electrons.

Theoretical modelling. We modelled the carrier distribution at LAO/STO
interfaces using LAO/STO supercells with a stacking layer sequence along the [001]
or [111] directions. In the case of LAO/STO (001), we used a 40 u.c. thick STO
(001) super cell with three consecutive SrO, TiO2 and SrO monolayers replaced
by LaO, AlO2 and LaO monolayers, respectively. The polarity mismatch at the
TiO2/(LaO)−1 interface produces an interfacial electron density of 0.5e/a2, which is
spread away from the interface into the STO. This procedure is the equivalent of
having an LAO/STO (001) bilayer, where due to the polar discontinuity the same
amount of charge density, that is 0.5e/a2, is created at the interface in the limit of
a thick LAO layer. Similarly, in the case of LAO/STO (111), we used a 40 b.l. thick
STO (111) super cell with three consecutive SrO3, Ti and SrO3 monolayers replaced
by LaO3, Al and LaO3 monolayers, respectively. The polarity mismatch at the Ti4+/
(LaO3)3− interface produces an interfacial electron density of 0.5e∕ 3 a 2, which
then spreads from the interface into the STO. The modelling is performed using
DFT within the projected augmented wave (PAW) method for the electron–ion
potential and the local density approximation (LDA) for exchange and correlation,
as implemented in the Vienna ab initio simulation package (VASP). The
calculations are carried out using a kinetic energy cutoff of 340 eV and an 8 ×  8 ×  1
k-point mesh for Brillouin zone integration. We fully relaxed ionic coordinates
with the force convergence limit of 0.01 eV per atom. The in-plane lattice constant
is constrained to that of the calculated LDA lattice constant of STO (a = 0.386 nm).

STEM-EELS and EDS. STEM HAADF and ABF imaging and EELS were
performed by using a JEM-2100F (Jeol Ltd) equipped with a spherical aberration
corrector (CEOS GmbH). The probe convergence angle of approximately 22 mrad
was used. The inner and outer angles of the HAADF detectors were 90 and
200 mrad, respectively. The obtained STEM HAADF and ABF images were bandpass-filtered to reduce background noise (HREM Research Inc.). The electron dose
for STEM imaging was about 1.1 ×  106 electrons nm−2 s−1. EEL spectra and spectrum
images were obtained at 200 kV using an EEL spectrometer (Gatan GIF Quantum
ER) with an energy resolution of 0.8 eV. To evaluate how the electron probe
introduces defects or modifies the charge balance, we determined the threshold
electron dose rate above which a detectable amount of damage is produced by
monitoring the white line intensity ratios and the fine structures of the EELS
Ti-L2,3 edge of STO and the La-M4,5 edge of LAO during the acquisition. The
electron dose rate used for STEM-EELS was 4.0 ×  107 electrons nm−2 s−1, which is
below the measured threshold (5.7 ×  107 e nm−2 s−1).
The atomic-resolution STEM-EDS chemical mapping was carried out on
a JEM-ARM 200 F (Jeol Ltd) equipped with a spherical aberration corrector
(ASCOR, CEOS GmbH) and energy dispersive X-ray spectrometer (JED-EDS,
JEOL) (Supplementary Fig. 2). Fast atomic-scale EDS mapping data of the sample
was acquired within several minutes by utilizing dual-type EDS detectors (with
an effective X-ray detection area of a 100 mm2 for each) with a large effective solid
angle (~1.2 sr) and a highly focused electron probe (~1.1 Å) at the electron dose
rate of 7.7 ×  106 electrons nm−2 s−1. The resulting elemental maps were obtained by
multiple frame summation up to 500 frames with 256 × 256 pixel resolution and an
acquisition time of 10 μs per pixel (maximum ~5.5 min total acquisition time). The
background noise floor in each map was removed by applying a Wiener filter.
To measure the local TEM thickness, EELS log-ratio and convergence electron
beam diffraction techniques have been carried out on the JEM-ARM 200F
equipped with an EEL spectrometer (GIF Quantum ER 965, Gatan). The probe
convergence and collection angles for the acquisition of low-energy loss spectrum
images were 23 and 36 mrad, respectively.

Materials system. The LAO/STO heterostructures were produced by epitaxial
growth of LAO films on STO substrates using atomic layer-controlled PLD. The
growth temperature and oxygen partial pressure were 550 °C and 10−3 mbar,
respectively. Before deposition, both STO (001) and (111) substrates were
chemically etched with BHF for 60 s and then annealed at 1,000 °C for 6 h under
oxygen flow to make single termination of TiO2 for the (001) surface and Ti4+ for
the (111) surface with controlled step and terrace structures. The epitaxial LAO
films were grown with thicknesses of 3 and 10 u.c. on an STO (001) substrate and
20 b.l. on an STO (111) substrate, where the thickness of 1 u.c. and 1 b.l., assuming
a pseudocubic unit cell of LAO, are 0.38 nm and 0.22 nm, respectively. We have
chosen sufficiently large film thicknesses of LAO that are beyond the critical
thickness for each orientation to make sure that the polar field induced in the LAO
film by the polar discontinuity is fully compensated by electronic reconstruction.
During the growth of the LAO films reflection high-energy electron diffraction
(RHEED) intensity oscillations were obtained in situ with the electron beam
̄ orientations of STO (001) and (111)
aligned parallel to the [001] and the [110]
substrates, respectively. The periodic RHEED oscillations verify that the growth
occurred in a layer-by-layer manner. Atomic force microscopy (AFM) surface
topology images of the grown samples reveal a well-defined step-terrace structure
for both samples (Supplementary Fig. 1).

Inline electron holography. We prepared TEM samples by focused ion beam
(FIB) milling as well as mechanical dimpling followed by Ar+ ion milling for
inline electron holography. For the inline electron holography presented in main
text, cross-sectional TEM samples were prepared by mechanical dimpling to a
thickness of around 10 μm and then ion-milled using first a 3 kV Ar+ ion beam
and then 0.5 kV Ar+ ion beam to remove surface damage layers (PIPS, Gatan,
Inc). BF TEM images were acquired by using a 200 kV field-emission TEM
(JEM-2100F, JEOL) using 2 k × 2k CCD camera (UltraScan 1000 FT, Gatan) and
were recorded at defocus values ranging from −4 μm to +4 μm in 1 μm steps (see
Supplementary Text 1 for more details). An objective aperture of 10 μm in diameter
was used to select the transmitted beam, which limits the spatial resolution to
0.8 nm. All images were recorded using the Gatan’s GIF Tridiem imaging filter to

Data availability. The data that support the findings of this study are available on
request from the corresponding author [S.H.O.].
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